Phot proteins were found recently to be blue-light receptors in plants and fungi, which played essential roles in phototropic plant movements and chloroplast relocation. [1] [2] [3] [4] All of the phot proteins contain two LOV (light-, oxygen-, and voltagesensitive) domains that consist of approximately 100 aminoacid residues. Each LOV domain binds a single flavin mononucleotide molecule (FMN in Fig. 1 ) through noncovalent interactions such as hydrogen-bonding, π-π stacking, and electrostatic interactions. 5, 6 It is believed that formation of a cysteine-adduct of FMN is the signaling state of the protein. One proposed reaction scheme for this protein signaling is a reversible photoinduced redox cycle of FMN; absorption of near-UV -blue light by oxidized flavin (Fl) produces dihydroflavin (FlH2) through a flavosemiquinon radical intermediate (FlH·), which is oxidized subsequently to Fl by molecular oxygen. 8 During the photocycle, the thiol group in cysteine composed of the protein reacts with the 4α-position of FMN, giving rise to formation of the cysteine-FMN adduct. On the other hand, Scuttrigkeit et al. have reported that the cysteine-FMN adduct is produced from the excited triplet-state of FMN, since the excited singlet-triplet intersystem crossing rate and the excited triplet-state yield of FMN in the wild-type LOV2 domain are larger than those of FMN in solution. 9 According to the X-ray structural analysis of the LOV2 domain isolated from Adiantum capillus-veneris, furthermore, FMN is bound with the interior of the protein through hydrogen-bonding networks, and such a flavin-binding pocket in the protein posesses two water molecules. 6 Therefore, such a noncovalent interaction would also influence the reactivity of the groundand/or excited-states of FMN.
more positive that in the absence of the receptor. [10] [11] [12] Therefore, the redox behavior of FMN depends strongly on the microenvironments around the molecule located in the flavinbinding pocket of the enzyme. Although understanding of the roles of the noncovalent interactions of FMN in vivo is of primary importance, this is a very difficult task because multiple forces participate in cooperative manners. Clearly, a study on a model system in vitro would provide invaluable information about such interactions associated with FMN.
Recently, we reported that molecular recognition between Riboflavin (RF) and its artificial receptor through hydrogenbonding interactions took place efficiently at a water/CCl4 interface, as demonstrated by time-resolved total-internalreflection (TIR) fluorescence spectroscopy. 13 Although most of artificial molecular recognition mediated by hydrogen-bonding interactions take place effectively in nonaqueous media, that in water proceeds less efficiently owing to both hydrogen bonding of water with host/guest molecules and to the high dielectric constant of water. 14, 15 However, our previous experiments demonstrated clearly that hydrogen-bonding interactions took place certainly at a water/oil interface, despite the oil phase being in contact with bulk water. Such circumstances resemble those around FMN in the natural LOV2 domain, as described above, where the molecule is buried inside the hydrophobic protein matrix, but still allows access to protons: water. 6 Therefore, an artificial molecular recognition system capable of hydrogen-bonding interactions between host and guest molecules at a water/oil interface will be a suitable model for molecular recognition in biological systems.
In the present study, we focused our attention on photoinduced redox cycles of RF, analogous to those of FMN in the phot proteins. In order to obtain an inside look at the photoinduced redox reaction mechanisms of FMN in the protein and at the roles of hydrogen-bonding interactions in the reaction efficiency, we explored TIR fluorescence spectroscopy on RF at a water/CCl4 interface as a model system for natural FMN. On the basis of the experimental observations, the mechanisms of the photoredox cycle of RF are discussed.
Experimental

Chemicals and sample preparation
Water was purified by distillation and deionization prior to use (GSR-200, Advantec Toyo Co., Ltd.). Carbon tetrachloride (Kanto Chemical Co., Inc., Sp grade) and chloroform (Kanto Chemical Co., Inc., Sp grade) were used without further purification. Riboflavin (RF; Kanto Chemical Co., Inc.) was purified by recrystallizations from an ethanol-water mixture. 7,8-Dimethyl-10-dodecyl isoalloxazine (C12RF) 16 was synthesized by procedures similar to those reported by Shinkai et al. 17 N,N-Dioctadecyl- [1, 3, 5] triazine-2,4,6-triamine (DTT) 18 was synthesized according to the literature methods. 19 For TIR experiments, an aqueous RF solution (concentration [RF] = 1.0 × 10 -6 M) saturated with CCl4 was poured carefully onto water-saturated CCl4 in a Pyrex cell (inner diameter = 40 mm).
The lower inside of the cell was treated with dichlorodimethylsilane to construct a flat water/CCl4 interface. The cell was washed thoroughly with CCl4 and then with water prior to sample preparation. Spectroscopic measurements were carried out after the sample solution in the cell had been kept over 100 min at 22˚C.
TIR measurements
Fluorescence dynamic spectroscopy was conducted with a time-correlated single photon-counting technique. The fundamental laser pulses from a mode-locked Ti:sapphire laser (Coherent, Mira Model 900-F), pumped by a diode laser (Verdi), were amplified by a regenerative amplifier (RegA Model 9000) pumped by an Ar + ion laser (Innova 300). Optical parametric amplification (Coherent, Model 9400) of the output gave 400 nm pulses as an excitation light source (0.8 µJ/pulse, repetition rate; 100 kHz, fwhm; 200 fs, autocorrelation trace). The excitation laser beam, polarized perpendicular to the plane of incidence (s-polarized) by using a Glan-laser prism, was irradiated to a water/oil interface through the oil phase. In the present experiments, the incident angle of the laser beam (θi) was set (80˚) larger than the critical total-reflection angle at the water/oil interface (θc = 66˚). The fluorescence from the sample was collected along the surface normal and its polarization was selected with a polarizer (Polaroid, HNP'B). The polarized fluorescence was detected with a microchannel-plate photomultiplier (Hamamatsu, R3809U-50) equipped with a monochromator (Jobin Ybon, H-20) and analyzed using a single-photon counting module (Edinburgh Instruments, SPC-300). Fluorescence decay curves were analyzed by a non-linear least-squares iterative convolution method based on the Marquardt algorithm. 20 TIR fluorescence spectra were measured by using a gated photon counter (Stanford Reserch Systems, SR400), instead of using the single-photon counting module. All the measurements were conducted at the room temperature, 22˚C.
Transient absorption measurements
Transient absorption spectroscopy was conducted by a homemade nanosecond transient absorption measurement system. The third harmonics (355 nm) from a Nd:YAG laser (Surelite II, Continuum; fwhm = 6 ns) was used as an excitation light source, and the probe beam source was a pulsed Xe lamp (XF-80, Tokyo Instruments, 60 W). The laser and probe beams were irradiated to a sample solution in a cuvette at a right angle. The probe beam intensity that passed through the sample solution was detected by using a multichannel photodetector (SMA, Princeton Instruments, Inc.) equipped with a polychromator (Jobin Ybon, HR-320).
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Results and Discussion
TIR fluorescence spectra of RF at a water/CCl4 interface in the absence and presence of DTT
Fluorescence spectra of RF (2.0 × 10 -6 M) at a water/CCl4 interface in the absence and presence of DTT (1.0 × 10 -4 M) in the CCl4 phase were observed by means of TIR spectroscopy. In the absence of DTT, a Gaussian-type fluorescence band was observed as shown in Fig. 2 (a) . Since the water/CCl4 interface is less polar than a bulk aqueous solution, 21 the peak position of the TIR fluorescence spectrum observed at the interface (517 nm) is slightly blue-shifted as compared to that in a dilute aqueous solution (522 nm). This green fluorescence (517 nm) is ascribed to the π-π* transition from the excited singlet-state of the isoalloxazine chromophore in RF. 22, 23 In the presence of DTT, on the other hand, the color of the TIR fluorescence varied gradually from green to greenish-blue during near-UV laser irradiation (400 nm, 100 kHz, 0.8 µJ/pulse) for several minutes.
As a typical example, Fig. 2 (b) shows the fluorescence spectrum of RF at the water/CCl4 interface in the presence of DTT after 30 min laser irradiation.
As reported previously, molecular recognition between RF and DTT mediated by complementary triple hydrogen-bonds takes place just at the interface and the fluorescence of RF is quenched by DTT. 13 In practice, although the fluorescence intensities of RF in Fig. 2 are shown to be normalized to that at the maximum wavelength (∼520 nm) of each spectrum, the intensity in the presence of DTT is much weaker than that in the absence of DTT. Therefore, the contribution of the Raman scattering intensity at around 430 and 460 nm from water at the interface to the spectrum was stronger in Fig. 2 (b) as compared to that in Fig. 2 (a) . It is noteworthy that the fluorescence band shape of RF at the interface in the presence of DTT ( Fig. 2 (b) ) is broader than that in the absence of DTT ( Fig. 2 (a) ) in the wavelength region of 480 − 510 nm. Previously, we reported the fluorescence spectral response of C12RF (Fig. 1 , as an oilsoluble model compound for RF) upon the addition of DTT in chloroform. 13 Although an addition of DTT brought about fluorescence quenching of C12RF, the spectral band shape of C12RF did not change even in the presence of DTT. These results suggest that both aqueous environments around RF and hydrogen-bonding interactions of RF with DTT are the necessary conditions for the photoinduced fluorescence spectral change of RF observed at the interface: Fig. 2 (b) .
In order to obtain further information about the fluorescence spectral change in Fig. 2 (b) , we conducted TIR fluorescence dynamics measurements of RF at a water/CCl4 interface. The fluorescence decay profile of RF in the absence of DTT was fitted satisfactorily by a single exponential function (data are not shown here). The fluorescence lifetime of RF (τ) at the interface was then determined to be 4.6 ns, as shown in Table 1 , this value was almost identical to that in a bulk aqueous solution (4.7 ns). Figure 3 shows the TIR fluorescence decay profiles of RF at the interface in the presence of DTT after 30 min laser irradiation. In contrast to the results without DTT, the fluorescence decay profiles were best fitted by triple exponential functions with τ1 = 190 -210 ps, τ2 = 1.2 -1.4, and τ3 = 4.5 ns (RF/DTT in Table 1 ). It is worth noting that the amplitude value (Ai) relevant to τi (i = 1, 2, or 3) depends on the monitoring wavelength; 480 and 540 nm for Figs. 3 (a) and (b), respectively; the data are summarized in Table 1 . The results indicate that the fluorescence spectrum observed at the water/CCl4 interface in the presence of DTT (Fig. 2 (b) ) should be explained by the sum of three fluorescent components. As reported previously, the long-(τ3 = 4.5 ns) and the mediumlifetime components (τ2 = 1.2 -1.4 ns) observed at the interface are assigned to those of free RF and the RF-DTT complex mediated by triple hydrogen-bonding interactions produced at the interface, respectively.
13
As seen in Table 1 , since the relative amplitude (A1 = 0.65) of the short-lifetime component (τ1 = 190 -210 ps) observed at 480 nm is larger than that at 540 nm (A1 = 0.44), the fluorescent component observed at around 480 nm should possess a lifetime as short as 190 -210 ps.
On the basis of these results, we concluded that the fluorescence spectral change observed at the interface in the presence of DTT (Fig. 2 (b) ) should be ascribed to the photoproduct of RF (λ ∼480 nm, τ ∼200 ps) produced at the interface by near-UV laser irradiation. Since the photoreaction of RF at the interface did not proceed efficiently without DTT, the reaction could be induced by the hydrogen-bonding interactions of RF with DTT at the interface. On the other hand, such a fluorescent specimen (λ ∼480 nm, τ ∼200 ps) could not be observed in a C12RF-DTT system in a bulk CHCl3 solution. 13 Therefore, water should play essential roles in the photoreaction of RF at the water/CCl4 interface as well. In order to identify this blue fluorescence component observed at the interface, we conducted further experiments, as described in the following sections.
Effects of acetic acid on TIR fluorescence spectra of RF at a water/CCl4 interface
According to the fluorescence properties of the photoproducts of flavin derivatives reported previously, either Lumichrome (LC) or 1,5-dihydroflavin (RFH2) shown in Fig. 1 is a possible candidate for the photoproduct observed at the water/CCl4 interface. 22, 23 LC is known to be produced by λ-ray or UV irradiation of RF in a neutral -acid solution through dissociation of the ribityl side chain in RF and subsequent rearrangements of the isoalloxazine ring structure: Fig. 1. 24,25 Furthermore, an aqueous LC solution exhibits a single fluorescence band at 479 nm with the lifetime of 2.7 ns. 26 On the other hand, RFH2 is produced by photochemical protonation of the N(1) and N(5) atoms in RF and subsequent rearrangements of the double bonds of the ring structure, as illustrated in Fig. 1 . 23 It has been also reported that RFH2 shows the fluorescence maximum at 495 nm in ethanol at 77 K, with the lifetimes of τ1 = 40 -100 ps (A1 ∼0.8) and τ2 = 0.6 -9 ns (A2 ∼0.2). [27] [28] [29] In order to identify the blue fluorescence component observed at the interface being either LC or RFH2, we employed the following experimental approaches. It has been reported that LC undergoes excited-state proton transfer via formation of the 1:1 hydrogen-bonded complex with acetic acid (Ac): hydrogen bond formation between both the N(1) and the N(10) atoms in the alloxazine ring with an Ac molecule. [30] [31] [32] [33] Since the basicity of the N(10) nitrogen atom and the acidity of the N(1)-H group in LC increase upon photoexcitation, concerted double-proton transfer takes place in the hydrogen-bonded complex. This gives rise to tautomerization of the compound from the alloxazine to the isoalloxazine structure. The fluorescence of LC thus varies dramatically from blue to green by excited-state proton transfer. [30] [31] [32] [33] If LC is produced at the water/CCl4 interface by laser irradiation, therefore, the TIR fluorescence intensity at around 480 nm should decrease in the presence of Ac. On the other hand, photoreduction of RF to RFH2 should proceed in the presence of Ac. On the basis of such characteristics of the excited-state properties of LC and RF in the presence of Ac, one could discriminate the fluorescent component observed at the interface: LC or RFH2.
In order to examine such hypotheses, we conducted TIR fluorescence spectrum measurements at the water/CCl4 interface in the presence of both DTT (1 × 10 -4 M, in CCl4) and Ac (17 mM, in water) after laser irradiation (400 nm, 100 kHz, 0.8 µJ/pulse) for 30 min to induce the photoreaction of RF. As shown in Fig. 2 (c) , the TIR fluorescence intensity at around 480 nm observed in the presence of Ac was stronger than that in the absence of Ac (Fig. 2 (b) ). Clearly, such fluorescence spectral change cannot be explained by formation of LC at the interface; thus, the photoproduct in the present system should be RFH2. Furthermore, the fluorescence decay profiles of RF in the presence of Ac were best fitted by triple exponential functions with τ1 = 170 -210 ps, τ2 = 1.1 -1.3 and τ3 = 4.5 ns (RF + Ac/DTT in Table 1 ), which agreed very well with the fit observed in the absence of Ac: RF/DTT in Table 1 . On the basis of such experimental results, we concluded that the blue fluorescence component (480 -510 nm) should be ascribed to 1,5-dihydroflavin (RFH2) produced by laser irradiation of the hydrogen-bonded RF-DTT complex at the interface.
Transient absorption spectroscopy of C12RF in CHCl3
In order to elucidate the primary process of the photoreaction of the hydrogen-bonded RF-DTT complex at the water/CCl4 interface, we conducted transient absorption spectroscopy measurements of a bulk model system in chloroform. In the experiments, since RF was insoluble in CHCl3, we used C12RF ( Fig. 1 ) instead of RF. Figure 4 shows the transient absorption spectra of Arsaturated chloroform solutions of C12RF (2 × 10 -4 M) in the absence (a) and presence (b) of DTT (5 × 10 -3 M) observed at 3 µs after laser irradiation (355 nm). In the absence of DTT, only very weak absorption with the maxima at 510 and 570 nm, ascribed to the semiquinone radical of C12RF (C12RFH · ), was observed in addition to ground-state bleaching of C12RF at < 490 nm as shown in Fig. 4 (a) . 34 Since the excited triplet-state of C12RF is likely to undergo a hydrogen abstraction reaction from ground-state C12RF in CHCl3, we cannot observe T-T absorption of C12RF; rather, the long-lived intermediate of C12RFH · is detected as one of the major products from the excited triplet-state of C12RF. 34 In the presence of DTT, on the other hand, Fig. 4 (b) demonstrates clearly the increase in the absorbance of C12RFH · as compared to the spectrum without DTT. Furthermore, the broad band assigned to T-T absorption of C12RF ( 3 C12RF*) was observed at 600 -700 nm. 34 In the present experimental conditions, ∼70% of the C12RF molecules binds with DTT through triple hydrogen-bonds as estimated by the association constant of the C12RF-DTT complex: Ka = 550 M -1 in CHCl3. 13 Furthermore, the Gibbs free energy change for electron transfer (ET)/charge transfer (CT) from DTT to the excited singlet-state of C12RF ( 1 C12RF*) is sufficiently negative (-68 kJ mol -1 ), as calculated by the redox potentials of the compounds and the singlet excited-state energy of C12RF. As the primary step after photoexcitation of the hydrogenbonded C12RF-DTT complex, therefore, the C12RF anion radical-DTT cation radical pair (C12RF -· ·DTT + · ) will be produced upon photoinduced ET/CT between C12RF and DTT. Since the anion radical of a flavin derivative is known to be protonated very easily by the imide proton of another flavin molecule in a non-polar solvent, the semiquinone radical of C12RF (C12RFH · ) is produced, as observed in the transient absorption spectrum in Fig. 4 (b) . 11, 12, 23 C12RF·DTT → hν 1 (C12RF···DTT)*
It is worth noting that the T-T absorption intensity of C12RF ( 3 C12RF*) is stronger in the presence of DTT as compared to that without DTT (Fig. 4) . Analogous enhancement of the excited triplet-state yield of FMN has been observed in vivo as well: wild type LOV2. 9 In the present case, formation of the C12RF-DTT hydrogen-bonded complex and subsequent ion radical pair formation will be the essential origin for the enhancement of the T-T absorption intensity in Fig. 4 . Singlettriplet spin-inversion in an excited singlet-state ion radical pair is reported to take place efficiently through hyperfine interactions between the ion radicals, when diffusion of the ion radicals is restricted such as in micelles, membranes, proteins, and viscous solutions. 9, 35 In the present system, since C12RF -· and DTT + · are bound with each other via hydrogen-bonding interactions in CHCl3, the hyperfine coupling interactions between the ion radicals will operate rather strongly, giving rise to spin inversion from the excited singlet-state ( 1 (C12RF -· ···DTT + · )*) to the excited triplet-state ion radical pair ( 3 (C12RF -· ···DTT + · )*). Back electron transfer within the excited triplet ion radical pair should produce more or less the excited triplet-state of C12RF. This will be the primary reason for the stronger T-T absorption intensity of C12RF in the presence of DTT relative to that without DTT. Thus, formation of the C12RF-DTT hydrogen-bonded complex and subsequent photoinduced ET/CT in the complex are the essential origin of efficient formation of 3 C12RF*.
Although transient absorption spectroscopy under TIR conditions has been reported for solid/solid and liquid/liquid interfacial systems, 36, 37 it is in general very difficult to observe a transient intermediate other than one having a large molar absorptivity. At the present stage of the investigation, therefore, we have not conducted transient TIR absorption spectroscopy on the present system. Nonetheless, we suppose that analogous chemical reactions with those of C12RF as mentioned above proceed in the RF-DTT system at the water/CCl4 interface, since formation of RFH2 is confirmed by fluorescence spectroscopy. Therefore, we conclude that the hydrogen-bonding interactions between RF and DTT play essential roles in the photochemical reactions of RF at the interface, as the total reaction scheme is discussed below.
Photoinduced redox cycle of RF at a water/CCl4 interface
On the basis of the experimental results described above, the photoinduced reactions of RF at the water/CCl4 interface are summarized in Fig. 5 . As the primary step of the reaction (Step I), the anion radical of RF (RF -· ) is generated by photoinduced ET/CT in the RF-DTT hydrogen-bonded complex produced at the water/CCl4 interface. The anion radical of RF is protonated subsequently by water at the interface, giving rise to formation of the semiquinone radical of RF (RFH · ), since the pKa value of the radical is 8.4: (Step II). 38 It is well known that the semiquinone radicals of RF undergo a dismutation reaction as given by Eq. (4), 23 so that the reaction affords 1,5-dihydroflavin (RFH2) and RF (Step III).
RFH · + RFH · → RFH2 + RF (4) According to the present experimental findings and the previous reports, this is the most probable explanation for generation of 1,5-dihydroflavin (RFH2) (∼490 nm, τ = 170 -210 ps) as observed by TIR fluorescence spectroscopy at the water/CCl4 interface. Furthermore, since it has been reported that RFH2 is reoxidized very easily by molecular oxygen under aerobic conditions (Step IV), 23 the photoinduced redox cycle of RF illustrated in Fig. 5 takes place at the water/CCl4 interface.
Conclusions
In this article, we showed that the photoinduced redox cycle of RF proceeded through complementary triple hydrogen-bonds formation between RF and DTT at the water/CCl4 interface, as followed successfully by steady-state and time-resolved TIR fluorescence spectroscopies.
It was also revealed that photoinduced ET/CT in the RF-DTT hydrogen-bonded complex in the presence of interfacial water molecules as a proton donor was the primary key step for the photoinduced redox cycle of RF at the water/CCl4 interface. Furthermore, the enhanced excited triplet-state yield in the C12RF-DTT system as compared to that without DTT and the simultaneous observation of the C12RF semiquinone radical demonstrated that the hydrogen-bonds in the C12RF-DTT complex certainly assisted the primary event of the present photoreaction. Although there is no direct experimental evidence, analogous processes with those in the C12RF-DTT system would proceed even for the RF-DTT system at the water/CCl4 interface as well.
The present study also demonstrated that both aqueous environments around RF and hydrogen-bonding interactions of RF with DTT were essential to mimic the photoinduced redox cycle of FMN in the flavin-binding pocket of the protein. This indicates that artificial molecular recognition mediated by complementary hydrogen-bonding at a water/oil interface is very suitable as a model for molecular recognition in biological systems. In order to understand further the roles of noncovalent interactions in biological systems, studies on water/oil interfacial systems in vitro would provide helpful information in many ways. The present spectroscopic and photophysical approaches are very promising to contribute to various researches relevant to liquid/liquid interfaces.
